The experimental data on the hydrogen flame length normalized by the nozzle diameter are correlated with the dimensionless product of the density ratio (hydrogen density in the nozzle exit to the density of surrounding air) and the Mach number to the power of three. The current up-to-date experimental data on hydrogen flame length are used to build the correlation that covers laminar and turbulent flows, buoyancyand momentum-dominated releases, subsonic, sonic and highly under-expanded supersonic jets. The density and velocity of hydrogen in the nozzle are taken either directly from experiments or calculated by the under-expanded jet theory published elsewhere. The correlation is validated in the range of hydrogen storage pressures from nearly atmospheric up to 90 MPa and nozzle diameters from 0.4 to 51.7 mm. The predictive capability of this dimensionless correlation exceeds that of previously published work based on the Froude number only.
INTRODUCTION
Emerging hydrogen and fuel cell technologies and infrastructures, including storage at up to 100 MPa, pose new challenges to fire safety. One of them is the prediction of hydrogen flame length from highly underexpanded jets. Experimental data published decades ago are mainly for subsonic releases of hydrogen or at pressures far below 100 MPa. Dimensionless flame length correlations suggested at that time were based on the use of the Froude number (Fr) in one or another form [1] [2] [3] .
Recently Fr-based correlations [4, 5] were expanded to high pressure hydrogen jet fires. The general idea of this technique is to correlate experimental data with the modified Fr number that is built on a so-called notional or effective nozzle diameter instead of the real nozzle diameter. However, the size of the notional nozzle diameter depends on the theory applied to calculate it including a number of simplifying assumptions. For example, a constant flow velocity is assumed at the notional nozzle while in fact at high pressures there is a strong supersonic flow on the periphery immediately downstream of the Mach disk and a practically stagnant flow in the middle of the jet. Besides, only a limited number of their own experimental data were used by authors to support their correlations.
In 2009 the dimensional correlation for a hydrogen jet flame length in still air was published [6] . The flame length of 95 hydrogen jet fires was correlated with a new similarity group that includes the product of mass flow rate and nozzle diameter to exclude dependence on the model-dependent notional nozzle parameters. The original under-expanded jet theory [7] was used to calculate mass flow rate in the nozzle based on hydrogen storage pressure and temperature. The correlation [6] was updated in 2010 to include 123 experimental hydrogen flame length data points [8] . It demonstrates better predictive capability in the momentum-controlled regime, which is the most appropriate for hydrogen leaks from high pressure equipment, compared to the Fr-based approach [4] .
The aim of this paper is to improve our understanding of underexpanded hydrogen jet fires and develop a correlation for the non-premixed flame length in a dimensionless form. The correlation should cover the whole spectrum of hydrogen releases including laminar and turbulent jets, buoyant and momentum jets, and expanded and under-expanded jets.
DIMENSIONLESS CORRELATION

Dimensionless Groups
Previous flame length correlations were based on Fr number and validated mainly against experimental data on subsonic buoyant jet fires with a limited number of data on momentum-dominated jets at moderate pressures at the source. However, experimental data indicate that the flame length has to be a function of not only the Fr number but also the Reynolds (Re) number and the Mach (M) number. It is impossible to build a universal correlation based on only one of these dimensionless numbers. Indeed, the simple idea that an experimental jet flame length can only be correlated by the Fr number [1] [2] [3] [4] does not work well in the momentum-controlled regime when more experiments have been recently analyzed [8] . The recent correlation [6] reproduces experimental data for momentum-dominated highly under-expanded jets within 20 % and drops the predictive accuracy to 50 % for subsonic jets. Thus, both types of correlations are not closing the problem for the whole range of jet conditions. There is a need for a dimensionless group that would better predict hydrogen jet fire length for various conditions and flow regimes.
It follows from the dimensional correlation L F = 76·( m  ·d N ) 0.347 [6] that the dimensionless flame length L F /d N is practically independent of the physical nozzle diameter d N and depends on density  N and velocity U N of hydrogen in the nozzle. Thus, the following dimensionless group is suggested in this study to correlate with the dimensionless flame length
where the speed of sound for non-ideal gas was corrected as a function of temperature in the nozzle using Eq. 2, where  is the hydrogen specific heats ratio (1.41), R H2 is the hydrogen gas constant (4124 J/kg·K) and b the hydrogen co-volume (7.69 × 10 -3 m 3 /kg)
The form of dimensionless group given in Eq. 1 suggests for subsonic flows (M < 1) the dependence of the non-dimensional flame length on the nozzle Mach number only. Indeed, the hydrogen density in the nozzle  N is a constant for subsonic flows (with the assumption of constant temperature). Hence, the ratio of hydrogen density in the nozzle exit to the density of surrounding air  N / S is a constant too. For choked flows (M = 1) the dimensionless flame length depends only on the hydrogen density in the nozzle  N that increases with the storage pressure.
The dimensionless group given in Eq. 1 can be rewritten in terms of Re and Fr numbers as follows
where Re and Fr are determined through parameters of hydrogen flow in the nozzle 
From Eq. 3 it follows that at a constant temperature of hydrogen in the nozzle the dimensionless flame length depends on both Re and Fr numbers not only the nozzle Fr number as in former correlations.
Description and Interpretation of Experiments
Some of the experiments described in this section do not provide all the necessary information for our calculations. For instance, only in a few experiments was the container temperature history during blowdown provided [4, 9] . In order to calculate flow parameters in cases when experimental temperature was not provided, it was assumed that the initial temperature in the container was 273 K. The temperature in the nozzle was then calculated using the under-expanded jet theory [7] for under-expanded jets and taken equal to storage temperature 273 K for subsonic releases. Calculations using the under-expanded jet theory [7] showed that a decrease of hydrogen temperature in a tank by 50 K would increase the density in the nozzle by only 10 %.
Hawthorne et al. [10] . The velocity at the nozzle was calculated using the values given for Fr. The density at the nozzle was assumed to be 0.0899 kg/m 3 and the temperature 273 K.
In 1977 Shevyakov and Komov [2] published a study on hydrogen subsonic flames in tubular burners of 1.45-51.7 mm diameter. The visual length of on-port flames was measured in a darkened room. The correlation L F /d N (Fr) was developed to cover both buoyancy-and momentum-controlled regimes. For each experimental point, the diameter, flame length and flow velocity were provided. The hydrogen density of 0.0899 kg/m 3 and the hydrogen temperature of 273 K were assumed in the nozzle.
In 1984 Kalghatgi [11] published jet flame lengths for more than 70 tests with subsonic and sonic releases of hydrogen into still air through nozzles with diameter from 1.08 to 10.1 mm. Each burner was a straight tube mounted at the end of a settling chamber of internal diameter 152 mm. The mass flow rate was provided for each measurement and exit flow parameters (Mach number, velocity, temperature and density) were calculated by Kalghatgi using the Liepman and Roshko approach [12] . In this study we assumed that hydrogen temperature in a tank was 273 K and that the density in the nozzle was 0.0899 kg/m 3 for subsonic flows. The flow velocity at the nozzle was calculated from the experimental mass flow rate provided using the equation
. For under-expanded jets an initial temperature in the container was assumed to be 273 K and the hydrogen density at the nozzle was calculated using the under-expanded jet theory [7] .
In 2005 Mogi et al. [13] published experimental data for horizontal hydrogen jet flames from convergent nozzles of 0.1-4 mm diameter and spouting pressures 0.01-40 MPa. The release from four compressed hydrogen storage tanks with internal volume of 0.046 m 3 each, was done 1 m above the floor and 1 m away from a wall. For each test, the hydrogen mass flow rate and spouting pressure were provided. The temperature in the tank was assumed to be 273 K. Then, hydrogen density and flow velocity in the nozzle were calculated using the under-expanded jet theory [7] .
Schefer et al. [4] published in 2006 a study on spatial and radiative properties of open vertical hydrogen jet flames for subsonic and high pressures releases up to 17.2 MPa. They performed a blow-down of two cylinders of 0.049 m 3 each with initial pressure 17.2 MPa, through a 7.6 m straight section stainless steel tubing of 7.94 mm diameter. The blow-down time was about 100 s. There was a 3.175 mm diameter manifold orifice near the cylinder outlets. Shocked flow conditions were reached at the exit of the 7.94 mm diameter tube early in the blow-down. The tank pressure had dropped sufficiently to have a subsonic flow 40 s after the start of the release. Two sets of data were presented for the flame length:
 Releases performed using a blow-down at an initial pressure of 17.2 MPa through 7.94 mm diameter tubing. Transients of data during the blow-down at the tubing exit were provided for the 7.94 mm test: pressure, mass flow rate, and jet velocity. The temperature in the container was assumed to be 273 K. The under-expanded jet theory [7] was then used to calculate hydrogen density and temperature at the nozzle exit. For the subsonic release at the end of the blow-down, the hydrogen density at the nozzle was assumed to be 0.0899 kg/m 3 . For this particular set of data, M ≠ 1 for under-expanded releases. This could be explained by an inaccuracy in data provided on the jet exit velocity and/or by the assumption of constant temperature at 273 K in the tank.  In the same paper, subsonic releases from 1.91 mm were presented and the mass flow rate and exit velocity were given along with the flame length. The density of the hydrogen at the nozzle was assumed to be 0.0899 kg/m 3 .
In 2007 Schefer et al. [14] measured hydrogen jet flame lengths in tests at pressures up to 43.1 MPa and for a nozzle diameter of 5.08 mm. Their own notional nozzle theory [14] accounting for departures from the ideal gas behavior was applied to ensure the applicability of lower-pressure engineering correlations based on the Fr number and a dimensionless flame length, when substituting flow parameters and diameter in the nozzle by those at the notional nozzle. The experimental set-up was composed of eight cylinders of volume 0.617 m 3 each and filled at 43.1 MPa. A stagnation chamber located between cylinders and exit was used to maintain a low exit flow Mach number. The experimental data provided, i.e. stagnation chamber pressure and temperature history, exit mass flow rate, flow velocity at the nozzle, were used in this study to calculate the hydrogen density at the nozzle using the under-expanded jet theory [7] .
In 2008 Imamura et al. [15] conducted a series of experiments to understand the thermal hazards of hydrogen jet flames and more specifically temperature field of hot currents in the downstream region. They used hydrogen release system composed of a hydrogen cylinder, a stop valve, a regulator, an air-operated ball valve and a nozzle located 1 m above ground. Experiments investigated the dependence of flame shape on the spouting conditions: nozzle diameters were 1, 2, 3 and 4 mm and spouting pressures 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 MPa. The hydrogen flame was visualized by spraying NaCl aqueous solution. Experimental measurements of jet flame length as a function of diameter were provided. The given spouting pressure was measured at the pressure transducer close to the nozzle. With the assumption about the temperature in the container to be equal to 273 K, the underexpanded jet theory [7] was applied to calculate flow parameters, i.e. velocity and density, at the nozzle.
In 2009 Studer et al. [16] published results of their experimental study on hydrogen jet fires. Hydrogen was stored in a 0.025 m 3 Type IV tank at 10 MPa and released horizontally through a 5 m long flexible pipe with internal diameter of 15 mm. The pipe was mounted 1.5 m above the ground and the hydrogen was ignited immediately after release by an electric spark. Pressure and temperature were recorded in the pipe just prior to the nozzle but were not given in the publication [16] . The authors investigated releases through orifices of 4, 7 and 10 mm. The experimental data on pressure history, jet flame length and time of sampling were published elsewhere [17] . With assumption of hydrogen temperature in the tank of 273 K it was possible to calculate the flow parameters at the real nozzle using the under-expanded jet theory [7] .
In 2009 Proust et al. [9] used a Type IV tank with 0.025 m 3 capacity pressurized up to 90 MPa to study hydrogen jet fires. Hydrogen was released horizontally 1.5 m above ground via a 10 m long pipe with internal diameter 10 mm, and ignited by a continuous propane-air burner. The pressure was measured at the head of the tank, the temperature was measured inside the tank using K-Type thermocouples and the mass flow rate was deduced from measurements of a numerical weighting device where the tank was located. The jet flame length was measured for orifice diameter 1, 2 and 3 mm. The experimental set up was similar to [16] and there were some doubts about the accuracy of the mass flow rate provided. By this reason the experimental data on pressure and temperature were used in this study to calculate the mass flow rate and other flow parameters at the nozzle by use of the under-expanded jet theory [7] . It was found that calculated mass flow rates were in an excellent agreement with the experimental data provided.
The correlation in coordinates the dimensionless flame length, L F /d N , and the similarity group ( N / S )
. (U N /C N ) 3 is shown in Fig. 1 . The summarized experimental and calculated data are presented in Table 1 . Experimental data used to build Table 1 include: container or spouting pressure, when applicable, real nozzle diameter, flame length, mass flow rate or velocity in a nozzle. Other parameters in Table 1 were calculated based on the experimental data with use of the under-expanded jet theory [7] , when applicable, and the described above assumptions. 
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DISCUSSION
There are three distinguished parts in the dimensionless correlation in Fig. 1 from the left to the right: "traditional" buoyancy-controlled part that is represented by data on subsonic releases of Shevyakov et al. [2] and Hawthorne et al. [10] ; "saturated" momentum-dominated part represented by subsonic release tests by Kalghatgi [11] and Schefer et al. [4] where dimensionless flame length is essentially a constant; and finally a third part that stands for choked and under-expanded jet fires.
It is clear that there is no saturation of dimensionless flame length at value L F /d N = 230 observed in numerous previous studies with expanded jets. Currently reported experiments exhibit much higher values, e.g. L F /d N = 3000 [9] . Analysis of change in dimensionless groups (Re, Fr, M) value shows that for underexpanded jets, the dimensionless flame growth depends practically on Re number only as flow is choked and thus nozzle Mach number M = 1 and nozzle Fr number is constant also for fixed diameter (Fig. 2 ). There are three lines in Fig. 2 . Line Re = 2000 separates laminar and turbulent jets. Prevailing majority of experiments used to validate the correlation were carried out for turbulent releases. Line Fr = 10 6 is indicative for transition from buoyancy-to momentum-dominated jets. Finally, line M = 1 separates subsonic jets from choked in the nozzle flows. This explains the shape of the correlation (Fig. 1) .
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CONCLUSIONS
The dimensionless correlation for non-premixed hydrogen jet flame length in still air in coordinates L F /d N against ( N / S )
. (U N /C N ) 3 is developed. It is thoroughly validated by the experimental data on flame length for laminar and turbulent hydrogen flames, buoyancy-and momentum-dominated flows, expanded and highly under-expanded hydrogen jet fires. Numerous experimental data obtained by different authors collapsed into the same curve. The correlation follows previously established pattern with "traditional" buoyancy-and momentum-controlled parts, and incorporates power law for dependence of the flame length on the Re number for under-expanded high momentum jets. The correlation can be recommended for use by fire safety engineers and requires knowledge of only hydrogen density and velocity in the nozzle that can be calculated using the under-expanded jet theory published elsewhere.
